In view of uncertainties often associated with levels of the proton-rich final nucleus in (p,γ) reactions, we discuss the advantages of a method based on the Isobaric Mass Multiplet Equation (IMME) to predict levels and check spin/parity assignments. The application of the method to several nuclei is illustrated. Results for some reaction rate calculations are also presented. §1. Introduction
§1. Introduction
The power of the Isobaric Mass Multiplet Equation method (which is mainly empirically based with a small theoretical component) to estimate energies of nuclei participating in the rp process is emphasized by way of illustrating favorable cases where the method works particularly well. In the case of 26 Si it is demonstrated that the theoretical component can be calculated with considerable accuracy, and in the case of 30 S it is shown that a large number of states can be predicted when only a small number have been experimentally measured. However, because of the semi-empirical nature of the method, it should be stressed that its application depends on knowing energies of the analog states adjacent to the nucleus in question. Alternatively, one has to resort to shell-model calculations with reliable two-body interactions. As a further illustration the method is applied to the 35 Ar(p,γ) 36 K reaction. §2. Procedure for determining energy levels of the proton-rich nucleus Generally the level energies that are input into rp reaction rate calculations are obtained from three different sources. In order of preference these are: (1) wellestablished experimental energies (2) predicted levels based on the IMME (3) level energies calculated with shell-model interactions.
The method used for (2) is explained in Ref. 1) . It makes use of the measured binding energies of the T = 1 partners and a theoretical value of the c-coefficient of the IMME, 2) which is relatively small and can be calculated with reasonable accuracy. This IMME method was used in Ref. According to the IMME
where B is the binding energy of a state. In the case of three T = 1 isobaric states one can then write, with
where B n applies to the neutron-rich member,
applies to the T z = 0 member, and
for the proton-rich member. Then
It also follows that
For the calculation of the b-and c-coefficients of the IMME we use the USDB Hamiltonian 4) for the charge-independent part and add the Coulomb, chargedependent and charge-asymmetric nuclear Hamiltonian obtained by Ormand and Brown for the sd shell. 2) This composite interaction is called usdb-cdpn in NuShellX. 5) The cd refers to charge dependent and pn implies that the calculations are done in the pn formalism.
For the nuclei considered in Ref.
2), A = 18 − 22 and A = 34 − 39, the 42 bcoefficients were reproduced with an rms deviation of 27 keV and the 26 c-coefficients were reproduced with an rms deviation of 9 keV. There is considerable state dependence in the c-coefficients (ranging in values from 130 keV to 350 keV) that is nicely reproduced by the calculations (see Fig. 9 in Ref. 2)).
As an illustration in Fig. 1 values of c from experiment and theory are compared for states in 26 Si (Ref. 1)) ordered according to increasing experimental energy. The experimental values are obtained for states where all three members of the multiplet are known. In general a good correspondence can be seen, the largest deviations being less than 30 keV. There is considerable state dependence with c values from experiment ranging from about 300 keV down to 180 keV. Thus a fairly reliable value can be obtained from a theoretical calculation using Eq. (5).
The binding energies for states in the proton-rich nucleus can be then be obtained from Eq. (6), with experimental values of binding energy for corresponding states in the isobaric analog partners (when they are known in both).
The power of the IMME method is nicely illustrated in the case of the 29 P(p,γ) 30 S reaction. Specifically Only 5 states are experimentally established in 30 S, yet 20 states above the proton emission threshold of 4.400 MeV can be predicted with the IMME method. In Fig. 2 predicted energies in 30 S based on the IMME are compared with experimental excitation energies in the mirror nucleus 30 Si. The predicted energies are used in the reaction rate calculations but are supplemented with energies calculated with usda-cpn and usdb-cdpn where there is insufficient information on the T = 1 analog states.
In a recent paper 6) some new levels in 30 S have been reported. The level observed at 4.693 MeV and given an assignment of 3 + agrees very well with our predicted 3 + level at 4.713 MeV. Also the level observed at 4.814 MeV and given an assignment of 2 + agrees with our predicted 2 + level at 4.798 MeV. §3. Application to 36 K The assignment of states in the final nucleus is often guided by considering states in the mirror nucleus. To improve on this procedure we determine 36 K energies from Eq. (6). In Fig. 3 values of c from experiment and theory are compared for states in 36 K ordered according to increasing experimental energy. In general a good correspondence can be seen, the largest deviations being less than 30 keV. There is considerable state dependence with c values from experiment ranging from 127 keV versus predicted energies E th based on the IMME. The crosses correspond to predicted energies without experimental counterparts.
to 235 keV. Figure 4 shows the excitation energies for 36 K obtained from Eq. (6) on the right compared to experiment on the left. The experimental energies below the proton emission energy of 1.658 MeV are from the compilation of Endt 7) whereas those above S p are from the more recent measurements of Wrede et al. 9) The predicted values of the IMME can be used as a guide to the correct spin/parity assignments for measured levels in 36 K. Where no levels in 36 K are known, levels can be predicted. Three such levels are indicated by crosses in Fig. 4 . In Ref. 9) the 2 + (3) state was assigned to a level at 2.282 MeV (Table VI) that had been observed in their experiment. However, it was assumed that the c coefficients for excited states are the same as those of the lowest T = 1 states. Taking into account the variations in the c coefficients seen in Fig. 3 , our predicted energy via the IMME method is 2.479 MeV, which is close to the observed level at 2.446 MeV. Thus we associate the 2+(3) state with the level observed at 2.446 MeV. The two lower states observed at 2.197 MeV and 2.282 MeV we assign to the negative parity states 3 − and 5 − respectively. This is also substantiated by considering the trend in the energies of the isobaric analog T = 1 partners.
Contribution of negative parity states
When measurements for negative parity states are not available, one could in principle estimate their effect from a theoretical calculation. However, this is often not practical because of the increase in size of the model space required. An alternative would be to use experimental values of the mirror nucleus. When properties of levels in the final nucleus are uncertain, the crucial parameters of the reaction rate calculations, viz. single-nucleon spectroscopic factors connecting the target and final states, and the lifetimes of the states in the mirror nucleus are frequently used and can be justified on the basis of approximate isospin symmetry. In view of the correspondence between mirror states for A = 36 it would be reasonable to substitute an experimental value from the mirror nucleus for 36 K in a case where a calculation is not feasible, as for the 3 − state at 2.468 MeV. In this way the contribution from this level, which lies close to some of the most important resonances, can be taken into account approximately. §4. Results for the reaction rate The resonant reaction rate for capture on a nucleus in an initial state i, N A σv res i for isolated narrow resonances is calculated as a sum over all relevant compound nucleus states f above the proton threshold 10) N A σv res i = 1.540 × 10 11 (μT 9 )
(8) Here T 9 is the temperature in 10 9 K, E res = E f − E i is the resonance energy in the center of mass system, the resonance strengths in MeV for proton capture are The total rp reaction rates have been calculated for each of the interactions usda-cdpn, usdb-cdpn and usd-cdpn (USD as the charge-independent part). The Q values required were based on measured energies in 36 K, and where they were not known values calculated from Eq. (6) can be used if available, or alternatively values calculated via the shell model. Figure 5 shows the results for the resonance-capture rate. The Γ p and Γ γ in this case are all based on the usdb-cdpn Hamiltonian. §5.
Conclusions
We have demonstrated that there is a good correspondence between theoretical and experimental values of the c-coefficient of the IMME method for sd-shell nuclei. It has also been shown that in favorable cases many more states can be predicted than are experimentally known, as for 30 S, provided the energies of the analog partners are known. For the rp reaction rate for the 35 Ar(p,γ) 36 K we have adopted the method of Ref. 3) for determining levels which is partly based on experiment and partly on theory. For the experimental part we used well-known binding energies of the T = 1 analogue states of 36 K. For the theoretical part we used calculated ccoefficients of the isobaric mass multiplet equation. The method leads to a prediction of energy levels in 36 K which we used to make a revised assessment of energy levels, in particular the assignment of the 2 + (3) state. These energy values were then used for the Q values of the proton capture process on 35 Ar, supplemented by values for higher-lying states from the composite interactions usda-cdpn and usdb-cdpn. The required spectroscopic factors and gamma decay lifetimes for the rate calculations were also calculated from these interactions. Space does not permit a discussion of uncertainties in the rate calculations here, but a detailed analysis of error sources in the rate calculations has been given in Ref. 1).
